The effect of reactive oxygen species on de novo synthesis of heparan sulfate proteoglycans (HSPGs) of the renal glomerulus was investigated in an organ perfusion system. Isolated kidneys were perfused for 7 hr with a medium containing [35S]sulfate to label sulfated proteoglycans or [35SSmethionine to label total glomerular glycoproteins. For the generation of reactive oxygen species, xanthine and xanthine oxidase were included in the perfusion medium, and catalase and superoxide dismutase were used as scavenging agents.
Proteoglycans were characterized by Sepharose CL-6B and DEAE-Sephacel chromatographies and SDS/PAGE analysis. The labeled glycoproteins were immunoprecipitated with anti-HSPG, anti-type IV collagen, and anti-laminin, and their specific radioactivities were determined. With exposure to reactive oxygen species, a drastic dose-dependent decrease in de novo synthesis of proteoglycans was seen, and that effect was reversible by catalase treatment. No alterations in the biochemical characteristics of proteoglycans were noted. Immunoprecipitation studies revealed a 16-fold decrease in the synthesis of nascent core peptide of HSPGs, while at comparable concentrations of xanthine and xanthine oxidase, synthesis of type IV collagen and laminin slightly decreased (-15%). Morphologic studies revealed a 14-fold decrease in [3SSsulfate-associated autoradiographic grains overlying the glomerular basement membrane, a critical component of the ultrafiltration apparatus. Relevance of the selective decreased de novo synthesis of HSPGs of the glomerular basement membrane is discussed in terms of increased glomerular permeability to plasma proteins.
The glomerular basement membrane (GBM) plays a vital role in ultrafiltration, a process by which blood is fractionated into an ultrafiltrate virtually devoid of circulating plasma proteins-e.g., albumin (1) . Thus, a compromise in GBM integrity is expected to leak plasma proteins into the urine, as observed in nonimmunologic, as well as immunologically mediated, renal glomerular diseases (2) . In immune-complex nephritis, injury to the GBM may be caused by hydrolytic enzymes, inflammatory mediators, cytokines, and reactive oxygen species (ROS). These substances may be produced either by leukocytes infiltrating the capillaries or by the activated resident glomerular cells (3). The ROS have been shown to induce a proteinuric response by adversely affecting filtration functions of the glomerulus (3). Among the various glycoproteins of the GBM that could be susceptible to ROS damage are type IV collagen, laminin, and heparan sulfate proteoglycans (HSPGs) (4) .
HSPGs are essential in the maintenance and integrity ofthe ultrafiltration apparatus, and their loss allows escape of plasma proteins into the urinary space (2) . In this study, we investigated the susceptibility of newly synthesized HSPGs to damage caused by ROS and compared it with de novo synthesis of other glycoproteins of the GBM-i.e., type IV collagen and laminin.
METHODS
Radiolabeling of Glomerular Proteoglycans. An ex vivo organ perfusion system was used for radiolabeling proteoglycans with [35S]sulfate (100 ttCi/ml; 1 Ci = 37 GBq) as detailed (5) . This system mimics in vivo states while excluding the effects of circulating factors/hormones and yields efficient labeling of tissues suitable for autoradiography. For generation of ROS, xanthine (0.05 mM) and xanthine oxidase (5-40 milliunits/ml) were included in the perfusion medium. After 7 hr of radiolabeling rat kidney, a small cortical piece was processed for tissue autoradiography, and the remaining kidney was perfused with Hanks' balanced salt solution containing a mixture of protease inhibitors (5). The kidney was then bisected, the cortex was dissected out, and glomeruli were isolated. Both the isolated glomeruli and perfusion medium were processed for isolation and characterization of proteoglycans/glycosaminoglycans (GAGs) .
For the scavenger experiments, either catalase (250 units per ml) or superoxide dismutase (300 units per ml) was included in the perfusion medium with xanthine and xanthine oxidase.
Isolation and Characterization of Glomerular and Medium Proteoglycans. The radiolabeled glomerular proteoglycans were extracted with 4 M Gdn HCI containing a mixture of protease inhibitors (5 
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after heating for 5 min at 950C; subsequently autoradiograms were prepared. For ion-exchange chromatography, the proteoglycans were applied to a DEAE-Sephacel column equilibrated with 8 M urea/0.1 M NaCI/0.05 M sodium acetate/0.1% 3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate (CHAPS), pH 6.0. The proteoglycans were eluted with the same buffer solution in a continuous gradient of 0.1-1.0 M NaCl. Glomerular GAGs were prepared by alkaline hydrolysis (5) . The hydrolysates were dialyzed against distilled water and characterized as described above.
The medium proteoglycans/GAGs were purified by passing through Sephadex G-25, and the excluded fractions were collected, pooled, dialyzed against distilled water, and characterized.
Finally, the de novo-synthesized proteoglycans were treated with ROS. Radiolabeled proteoglycans were incubated with 0.05 mM xanthine and xanthine oxidase at 10 milliunits per ml in Krebs-Ringer bicarbonate buffer at 3TC for 2 hr, after which they were chromatographed on Sepharose CL-6B and DEAE-Sephacel columns.
Experiments with ["S]Methionine. These experiments were done to ascertain the effect of ROS on total protein synthesis and various extracellular matrix glycoproteins. Kidneys were radiolabeled with [35S]methionine (100 ,Ci per ml) as described above. Their glomeruli were isolated and extracted with 5.5 M Gdn-HCl in the presence of protease inhibitors. Total incorporated radioactivity was then determined and normalized to the protein (per mg) in the extract. The extracts were dialyzed against autoclaved ice-cold distilled water with protease inhibitors by using Spectra/Por membrane with a Mr cutoff at 1000, after which sample aliquots were prepared, lyophilized, and used for SDS/ PAGE and immunoprecipitation studies. For the latter, anti-HSPG, anti-type IV collagen, and anti-laminin (Collaborative Research) were used. Specificity of anti-HSPG has been described (7).
Immunoprecipitation was done by adding various antibodies to the control and ROS-treated sample aliquots reconstituted with 20 
were taken and printed to a final magnification of x5000. Each micrograph included capillary loops and the three cell types of the glomerulus. Four compartments were defined-i.e., epithelium, endothelium, mesangium, and GBM. Grain density (concentration of radiation) on each compartment was calculated as reported (7) .
RESULTS
Incorporation of [3SJSulfate into Tissue and Medium Fractions. With an efficiency of extraction >>97%, -95% of total radioactivity was recovered in the proteoglycans/GAGs fraction. A dose-dependent decrease in total radioincorporation was seen with increased xanthine oxidase concentrations in both glomerular and medium fractions (Fig. 1) . A notable reduction in incorporation was seen between 10 and 20 milliunits of xanthine oxidase per ml without any alterations in the glomerular cytoarchitecture. Therefore, xanthine oxidase at 10 milliunits per ml was used subsequently. Addition of catalase to the medium restored radioincorporation to >>90, whereas only a mild recovery was seen when superoxide dismutase was used as a scavenger (Fig. 2) .
Characterization of Tissue and Medium Proteoglycans/
GAGs. Glomerular proteoglycans eluted as a single peak of radioactivity with Kay = 0.25 by Sepharose CL-6B chromatography, and =91% of the radioactivity was confined to the heparan sulfate GAG fraction (Fig. 3A) . Treatment with ROS reduced the total incorporation into proteoglycans but did not alter the proportions of GAG species-i.e., heparan sulfate vs. chondroitin sulfate, or the molecular characteristics ofthe proteoglycans (Fig. 3B) . The GAG chains eluted as a single peak of radioactivity with Ka. = 0.46. No change in the molecular characteristics was noted in the ROS group. By SDS/PAGE, a diffuse band (smear?) of radioactivity, included in the intact proteoglycans, was observed, and this band ranged from Mr 110,000 to 220,000 (Fig. 4) . The intensity of the band was reduced in the ROS group (Fig. 4, lane  b) . The diffuseness of the band in SDS/PAGE analysis probably relates to the heterogeneous nature of HSPGs (6) . By DEAE-Sephacel chromatography, no differences in the charge-density characteristics were observed. The medium proteoglycans/GAGs eluted as two peaks of radioactivity with Kav = 0.25 and 0.46, and =93% of the radioactivity was confined to the heparan sulfate GAG fraction (Fig. 5) matographies did not reveal any significant differences between the control and ROS groups. Experiments in which de novo-synthesized proteoglycans were treated with ROS in vitro revealed no radioactivity release into the Vt fraction by Sepharose CL-6B chromatography, and no change in their molecular characteristics was noted by DEAE-Sephacel chromatograms.
Experiments with [3SJMethionine. ROS treatment (xanthine 0.05 mM plus xanthine oxidase at 10 milliunits per ml) slightly decreased (11%) the total radioincorporation into the glomerular (8.12 ± 0.09 x 107 vs. 7.23 ± 0.11 x 107 dpm/mg of protein) and medium (4.79 ± 0.05 x 107 vs. 4.26 ± 0.07 x 107 dpm/ml) fractions; nevertheless, no appreciable differences were observed with SDS/PAGE (Fig. 4, lanes e  vs. f) . Immunoprecipitation studies revealed a mild reduction in de novo synthesis of type IV collagen and laminin (Fig. 6) . However, a 16-fold reduction in de novo synthesis of core peptide of HSPG was noted (Fig. 6) .
Tissue Autoradiographic Studies. Qualitative light microscopic [35S]sulfate autoradiograms showed a drastic reduction of silver grains overlying the glomeruli exposed to ROS (Fig. 7 A vs. B) . The EM autoradiograms revealed intact cellular and extracellular glomerular structures with remarkable reduction of silver grains in all compartments. The GBMs of most capillary loops had no autoradiographic grains ( Fig. 8 A vs. B) . Grain-density analysis indicated a maximal reduction in the radioactivity over the GBM ( 
DISCUSSION
The ROS, which include superoxide anion, hydrogen peroxide, and reactive hydroxyl radical, may be the ultimate common mediators causing functional impairment of various organs after metabolic, toxic, ischemic, and immunologically induced tissue injuries (8) (9) (10) . Their role in the induction of renal tubular (11, 12) and glomerular injuries (2, (13) (14) (15) (16) (17) has been extensively studied. In a given renal disease, proteinuria is regarded as the hallmark of glomerular injury. The proteinuria may result from damage either to the extracellulari.e., GBM-or to the cellular components of the ultrafiltration unit. In this regard, the decrease of GBM anionic charge due to a loss of HSPGs has been correlated with the proteinuric response seen in various experimental and clinical disease states (1, 2) .
In this investigation, we observed that HSPGs are highly susceptible to the oxidant injury. The ROS-induced injury to the HSPGs, most likely, occurred at the metabolic step when nascent core peptide is being synthesized. This hypothesis is supported by the fact that a 16-fold reduction in immunoprecipitated specific radioactivity occurred with anti-HSPG, whereas no change in the molecular characteristics of de novo-synthesized HSPGs was seen. Additionally, the de novo-synthesized HSPGs were not susceptible to oxidant injury in vitro, suggesting that ROS, generated with very low concentrations of xanthine plus xanthine oxidase, mainly affected the posttranscriptional, rather than posttranslational, events (18) (19) (20) . Indeed, increased excretion of GBM-collagen fragments in urine has been seen in severe forms of proliferative glomerulonephritis (21) . The anticipated mechanism of collagen damage may be either from oxidant-induced activation of the latent metalloenzymes of leukocytes (15, 22) or from its increased susceptibility to proteolysis after ROS exposure (23, 24) .
Such cellular enzymatic mechanisms may not have much bearing on this discussion because we are dealing with an ex vivo organ perfusion system. Thus, the fundamental observation made here relates to the fact that the nascent core peptide is highly susceptible to "selective" direct damage from ROS during de novo synthesis of HSPGs-necessary molecules needed to maintain integrity of the GBM and normal glomerular ultrafiltration.
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